
Distribution and spawning dynamics of capelin (Mallotus
villosus) in Glacier Bay, Alaska: a cold water refugium

MAYUMI L. ARIMITSU,1,* JOHN F. PIATT,2

MICHAEL A. LITZOW,2,3 ALISA A.
ABOOKIRE,2,3 MARC D. ROMANO2,4 AND
MARTIN D. ROBARDS2,5

1U.S. Geological Survey, Alaska Science Center, 3100 National
Park Rd, Juneau, AK 99801, USA
2U.S. Geological Survey, Alaska Science Center, 1011 E.

Tudor Rd., Anchorage, AK 99503, USA
3Present address: Michael A. Litzow and Alisa A. Abookire,
National Marine Fisheries Service, 301 Research Ct., Kodiak,

AK 99615, USA
4Present address: Marc D. Romano, U.S. Fish and Wildlife
Service, 911 NE 11th Ave, Portland, OR 97232, USA
5Present address: Martin D. Robards, University of Alaska

Fairbanks, P.O. Box 757500, Fairbanks, AK 99775, USA

ABSTRACT

Pacific capelin (Mallotus villosus) populations declined
dramatically in the Northeastern Pacific following
ocean warming after the regime shift of 1977, but little
is known about the cause of the decline or the func-
tional relationships between capelin and their envi-
ronment. We assessed the distribution and abundance
of spawning, non-spawning adult and larval capelin in
Glacier Bay, an estuarine fjord system in southeastern
Alaska. We used principal components analysis to
analyze midwater trawl and beach seine data collected
between 1999 and 2004 with respect to oceanographic
data and other measures of physical habitat including
proximity to tidewater glaciers and potential spawning
habitat. Both spawning and non-spawning adult
Pacific capelin were more likely to occur in areas
closest to tidewater glaciers, and those areas were
distinguished by lower temperature, higher turbidity,
higher dissolved oxygen and lower chlorophyll a levels
when compared with other areas of the bay. The dis-
tribution of larval Pacific capelin was not sensitive to
glacial influence. Pre-spawning females collected far-
ther from tidewater glaciers were at a lower maturity
state than those sampled closer to tidewater glaciers,

and the geographic variation in the onset of spawning
is likely the result of differences in the marine habitat
among sub-areas of Glacier Bay. Proximity to cold
water in Glacier Bay may have provided a refuge for
capelin during the recent warm years in the Gulf of
Alaska.
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INTRODUCTION

Capelin were once an abundant and widespread
species in the Gulf of Alaska and Bering Sea, but
populations declined following the late 1970s regime
shift (Anderson and Piatt, 1999; Hunt et al., 2002;
Mueter and Norcross, 2002). Once a major forage
species for seabirds and marine mammals, they virtu-
ally disappeared from the diets of most marine preda-
tors after the regime shift (Piatt and Anderson, 1996;
Sinclair and Zeppelin, 2002). While changing marine
climate and predation are implicated in the decline of
capelin, we know little about the influence of such
factors on capelin in Alaska. In contrast to the
Northern Atlantic, there is no commercial fishery
directed on capelin in the Northeast Pacific and very
few directed studies on their ecology in the region.

Capelin are a relatively high-energy content pela-
gic forage fish (Montevecchi and Piatt, 1984), and
spawning aggregations may provide predictable prey
resources to marine predators during a time when
energetic demands are high (Womble et al., 2005).
Declines of marine predators such as Steller’s sea lions
(Eumetopias jubatus), harbor seals (Phoca vitulina), red-
legged kittiwakes (Rissa brevirostris) and thick billed
murres (Uria lomvia) have been linked to the decline
of capelin and other preferred prey species in the Gulf
of Alaska and Bering Sea after the late 1970s (Piatt
and Anderson, 1996; Merrick, 1997; Trites and Don-
nelly, 2003).

During the late spring and summer, capelin con-
centrate nearshore in bays and fjords to spawn. In
Alaska, capelin spawn in the intertidal on sandy
beaches when water temperatures are between 5 and
9�C (Pahlke, 1985). Overwintering and migration
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habits of capelin in the Gulf of Alaska are poorly
known. The presence of immature and larval capelin
during the fall and winter months in the nearshore
areas of Prince William Sound and Kodiak Island,
Alaska (Doyle et al., 2002) suggests that capelin use
these areas for rearing (Brown, 2002).

Glacier Bay, a fjord in southeastern Alaska, was
designated as a national monument in 1925 and
has been the focus of intensive research relevant to
resource management in recent years (e.g., Piatt and
Gende, 2007). During the summer months, the fjord is
a core area for populations of several marine predators
that are known to feed on capelin. For example,
Glacier Bay supports perhaps a quarter of the world
population of breeding Kittlitz’s Murrelets (Brachy-
ramphus brevirostris), a candidate species for listing
under the Endangered Species Act (Agness, 2006) due
to significant declines in the bay and elsewhere
(Romano et al., 2007). In contrast, Steller’s sea lion
numbers have increased at Glacier Bay haulouts by as
much as 38% per annum, and 79% of marked animals
from the endangered western stock have dispersed to
the area (Gelatt et al., 2007). Capelin has been
identified as an important prey item for both the
Kittlitz’s murrelet, as documented by fish holding
behavior (Agness, 2006), and the Steller’s sea lion, as
documented by remains in scat (Gelatt et al., 2007).

Although capelin is an important forage species
that responds rapidly to changes in marine climate
(Rose, 2005), there is a scarcity of published infor-
mation regarding the mechanisms that influence the
distribution of capelin in Alaska. We sampled capelin
using small-meshed midwater trawls and beach seines,
and we characterized habitat using a conductivity–
temperature–depth (CTD) water profiler and beach
sediment type (Sharman et al., 2005). In this paper,
we examine the distribution of spawning, non-
spawning adult and larval capelin relative to maturity,
body condition and measures of habitat in Glacier
Bay, Alaska.

MATERIALS AND METHODS

Study area

Glacier Bay is a Y-shaped estuarine fjord that is
undergoing rapid de-glaciation (Fig. 1). The bay is
approximately 100 km long and several tidewater
glaciers are located near the head of the bay. The
bathymetry of the fjord is marked by constrictions
and shallow sills, which contribute to localized
oceanographic conditions. Deep and glacially influ-
enced stratified waters characterize the upper bay,
whereas turbulent upwelling and complete mixing of
the water column is observed over the shallow sill

Figure 1. Map of study area and fishing
effort by method. Stippled areas repre-
sent glaciers. Offshore trawl stations are
indicated with circles and nearshore
seine stations are indicated with plus
signs. Sub-areas used in the analysis were
determined by topographic and bathy-
metric features and are separated by
black lines. Major sills are indicated with
arrows. Note, the east arm and west arm
combined represent the upper bay.
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that marks the lower bay. The deep inner basin,
which characterizes the central bay experiences
intermediate stratification that is less influenced by
tidal action than the lower bay during the summer
months (Etherington et al., 2007).

Data collection

We sampled offshore (>50 m from shore) and near-
shore (<50 m from shore) fish communities during
1999–2004 to characterize the distribution and abun-
dance of prey available to marine predators (Table 1,
Fig. 1). We sampled 146 offshore stations with a
modified herring trawl (see Abookire et al., 2002;
Abookire and Piatt, 2005 for details of methods). The
midwater trawl had a mouth opening of 50 m2,
diminishing mesh size from 5 cm at the mouth to
1 cm at the codend and 1 mm in the collection cup. A
trawl monitor system was used to manage the depth of
the headrope. Average distance towed was 2.5 km,
average tow speed was 4.6 km h)1 and average tow
duration was 35 min. We also sampled fish commu-
nities at 71 nearshore stations with 271 beach seine
sets following methods described by Cailliet et al.
(1986). The 37 m long seine had 28 mm stretched
mesh at the wings and a 5 mm nylon mesh bag at the
center. All fishing was conducted during daylight
hours in the summer months (June–August). The
catch was sorted by species, and fork length (FL, mm)
measurements were taken from up to 50 randomly
selected individuals of each species collected at a
station. Catch per unit effort (CPUE) was standardized
as number of fish km towed)1 for midwater trawls, and
number of fish set)1 for beach seines. In 2004, all ovid
capelin were frozen in seawater for further exami-
nation.

In 2004, we sampled the pelagic habitat at 86
midwater trawl stations using a CTD equipped with a
fluorometer, oxygen sensor, photosynthetically active
radiation (PAR) sensor and a beam transmissometer.
For all stations, the CTD was lowered to 5 m above

the seafloor or 100 m. Discrete water samples were
collected from 2, 8 and 40 m and vacuum filtered for
total chlorophyll a (chl a) analyses using Whatman
glass fiber filters. Samples were extracted in 90% ace-
tone and chl a concentration was measured using a
laboratory fluorometer. In situ chl a values were cali-
brated using the linear relationship between field
fluorometer and laboratory measurements (y =
0.3137x + 0.7747, R2 = 0.81). We calculated a tur-
bidity index using the ratio of beam attenuation
(which represents the loss of light as a result of
absorption and scattering from suspended particles,
phytoplankton, bacteria and dissolved organic mate-
rial) to fluorescence.

In 2004, body condition and maturity were assessed
for a random subsample of spawning females from the
east and west arms (N = 29 and 30, respectively), and
all samples from the lower bay (N = 14). Fork length,
body weight, and left and right ovary weight were
recorded for each female. Stomach contents, if pres-
ent, were weighed and identified to the lowest possible
taxon. Oocytes from the center of the left ovary were
examined and photographed. The greatest diameter
along a horizontal plane was measured for 50 oocytes
for maturity estimates as described by West (1990) and
maturity class was assessed according to Forberg
(1983).

Data analysis

Statistical analyses were performed by using JMP sta-
tistical software (SAS, 2003). When the assumptions
of normality and homoscedasticity were violated for
parametric tests, non-parametric tests were used as
indicated. To describe the distribution of spawning,
non-spawning adult and larval capelin, we consider
stations conducted in four sub-areas within Glacier
Bay including the east arm (N = 19), west arm
(N = 31), central bay (N = 25) and lower bay
(N = 11) (Fig. 1). For the purposes of this paper, we
refer to the east arm and west arm as glacial areas and
the central and lower bay as distal areas.

The location and extent of potential spawning
habitat was assessed using intertidal sediment data and
ground photos, obtained from Glacier Bay’s Coast
Mapping Inventory Program (Sharman et al., 2005),
following the methods of Moulton (2000). Beach
sediment size suitable for successful spawning ranges
from 0.5 to 25 mm grain diameter (Pitt, 1958; Naka-
shima and Wheeler, 2002). Suitable spawning beaches
were homogenous beaches with primary, secondary
and interstitial sediment types between 0.06 and
64 mm (i.e., fine sand to pebble designation). Seg-
ments containing >10% cobble, boulder, bedrock or

Table 1. Sampling dates and fishing effort (number of sets)
by method in Glacier Bay during 1999–2004.

Sampling
dates Year

Midwater
trawl

Beach
seine

6 ⁄ 10–6 ⁄ 23 1999 25 87
5 ⁄ 31–8 ⁄ 21 2000 – 164
6 ⁄ 29–8 ⁄ 7 2001 30 –
7 ⁄ 23–8 ⁄ 6 2003 – 20
6 ⁄ 22–7 ⁄ 14 2004 91 –

Total 146 271
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the obvious presence of organisms such as mussels
(Mytilus spp.) or algae that would interfere with sub-
strate availability were removed from the analysis.
Although the high end of the pebble designation is
considerably larger than the documented beach sedi-
ment size for spawning capelin, visual inspection of
ground photos aided in the exclusion of beach seg-
ments with larger pebbles as the primary substrate.
Although we did not attempt to verify spawning at
potentially suitable beaches, smaller pebbles were the
primary substrate at three beaches in Glacier Bay
where spawning capelin were collected in beach seines
(Arimitsu et al., 2007).

For maturity data, percent roe content (ovary
weight ⁄ body weight) was highly correlated with mean
oocyte diameter (r = 0.82, N = 73); and therefore we
used mean oocyte diameter as a proxy for maturity and
tested for area differences in maturity development
with an ANOVA. Tukey–Kramer HSD (a = 0.05)
multiple comparison tests were used to detect pair-wise
differences. We ranked maturity stage in order from
lowest (IIb) equal to one and highest (VI) equal to
seven, and used a Kruskal–Wallis one-way ANOVA to
test for sub-area differences in maturity.

Principal components analysis (PCA) was used to
reduce the variation contained within several corre-
lated habitat parameters to a few uncorrelated axes
(Manly, 1991). For this analysis, we averaged
oceanographic variables over a 0–35 m depth range
because most capelin were collected between these
depths. Physical variables included in the PCA were
temperature, turbidity index, dissolved oxygen, chl a
concentration, salinity, PAR, distance to nearest
tidewater glacier, distance to shore, distance to
nearest potential spawning habitat, and thermocline
and halocline depth and intensity (data were aver-
aged in 5 m depth bins due to rapidly changing
temperature and salinity conditions near the surface).
All environmental variables were log transformed
and standardized by subtracting the mean and
dividing by the standard deviation (Zar, 1999).
Backwards stepwise regression was used to find the
best fit model for the response of log (CPUE + 1) to
principal components (P to remain £0.10). We back-
calculated the coefficients of the original standardized
physical variables by multiplying the matrix of
eigenvectors with the regression coefficients of prin-
cipal components from the best fit model (Legendre
and Legendre, 1998). We report the coefficients of
the standardized variables because the magnitude
of response of spawning, non-spawning adult and
larval capelin abundance (log-transformed CPUE) is
directly comparable.

RESULTS

Distribution

Mature capelin were collected in 38% of midwater
trawl stations in 2004, the only year we sampled
spawning fish in sufficient numbers to analyze. We also
observed capelin in spawning condition at one mid-
water trawl station in 2001, two nearshore sites in
2000 and one nearshore site in 2003 (Fig. 2a). In
2004, prespawning capelin CPUE differed among sub-
areas (ANOVA: F[3, 82] = 23.70, P < 0.0001). CPUE
in the east arm was greater than CPUE in other re-
gions of the bay (Tukey–Kramer HSD, P < 0.05).
Mature capelin occurred more frequently at stations
within glacial areas (N = 55) compared with distal
areas (N = 36; v2

[1] = 17.04, P < 0.0001). All spawn-
ing capelin were collected at relatively shallow depths
in the water column (<30 m). The occurrence of
mature capelin was not related to bottom depth
(v2

[1] = 1.22, P = 0.27).
Adult (FL >60 mm) capelin were collected at 57%

of midwater trawl stations sampled between 1999 and
2004 (Fig. 2b). Adult CPUE differed among sub-areas
(ANOVA: F[3, 142] = 19.08, P < 0.0001) and CPUE
in the east arm was greater (Tukey–Kramer HSD,
P < 0.05) than CPUE in other sub-areas. Overall,
adult capelin were more likely to occur in glacial areas
compared with distal areas (v2

[1] = 20.93,
P < 0.0001). The majority (83%) of adult capelin
were collected at depths of less than 30 m, and there
was a weak negative relationship between the occur-
rence of adults and bottom depth (v2

[1] = 4.40,
P < 0.05).

Larval capelin (FL <60 mm) were collected in 70%
of midwater trawl stations (Fig. 2c). The relative
abundance of capelin larvae differed among sub-areas
(ANOVA: F[3,142] = 5.97, P < 0.001). CPUE in the
east arm was higher than CPUE in the west arm and
lower bay, but not different from the central bay
(Tukey–Kramer HSD, P < 0.05). We found no dif-
ference in the probability of occurrence of larvae in
glacial and distal sub-areas (v2

[1] = 0.28, P = 0.60).
The majority (99%) of larval capelin were collected at
depths of less than 30 m. There was a weak relation-
ship between occurrence of larvae and bottom depth
(v2

[1] = 4.44, P < 0.05).

Maturity

Prespawning females from the lower bay were less
mature than those in glacial sub-areas (Table 2).
Mean oocyte diameter differed among sub-areas
(ANOVA: F[2,71] = 21.15, P < 0.0001). Maturity dif-
fered between glacial sub-areas and the lower bay
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(Tukey–Kramer HSD, P < 0.05), but not between the
east and west arms (Tukey–Kramer HSD, P > 0.05).
Maturity stage differed among sub-areas (Kruskal–
Wallis: H[2] = 26.50, P < 0.0001). The lowest matu-
rity classes IIb–IIIb (early maturing to maturing) were
represented primarily by lower bay samples whereas
the highest maturity class VI (spent) were collected
only in the east arm. Lower bay samples were collected
15–16 days later than samples in the west and east
arms, indicating that lower bay fish were at a lower
maturity stage at a later date.

Fifty percent of the capelin we examined from the
lower bay were actively feeding in contrast to 23 and
13% in west and east arm samples, respectively. The
majority (67%) of feeding, spawning females we
sampled were in maturity class III (maturing), 5% were
in maturity class IV (fast maturing), and the remaining
27% were in maturity class V (mature). Capelin from
the lower bay were feeding on copepods and other
crustaceans and capelin from the west arm were
feeding on euphausiids and other crustaceans. In
contrast, capelin from the east arm were feeding
primarily on smelt larvae.

Body condition

Mean fork length (±SD) for ripe females was
98.6 ± 9.6 mm (N = 188) and for spawning males was
111.7 ± 10.6 mm (N = 89). Two notably small ripe
females (71, 72 mm) were collected in the east arm.
Both were still undergoing metamorphosis into their
adult form, a process that usually occurs between the
first and second year of growth (Bailey et al., 1977).

Length frequency plots for larval fish suggest that
spawning occurred earlier in 1999 than in 2004. In

(a)

(b)

(c)

Figure 2. Distribution and relative abundance of (a)
spawning capelin, (b) adult capelin (fork length >60 mm),
and (c) larval capelin (fork length <60 mm), during all years
combined. Beach seine (BS) catch per unit effort (CPUE) is
standardized as fish tow)1 and midwater trawl (MWT)
CPUE is standardized as fish km towed )1.

Table 2. Characteristics of mature female capelin collected
in different sub-areas of Glacier Bay.

Sub-area N

Mean
Julian
date

Mean (±SD)
oocyte
diameter
(mm)

Mean
(±SD)
roe content
(%)

% of
fish
feeding

East Arm 29 180 1.001 ± 0.084 26.9 ± 0.07 13
West Arm 30 181 0.928 ± 0.157 22.4 ± 0.08 23
Lower Bay 14 196 0.732 ± 0.171 12.9 ± 0.07 50
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1999, all sampling was conducted in early to late June
and the highest proportion of the catch comprised fish
in the 30–40 mm range. Sampling in 2004 was con-
ducted about 2 weeks later than in 1999 (Table 1) and
the highest proportion of the catch comprised fish in
the 20–30 mm range (Fig. 3). Adult capelin were
smaller in length during 1999 compared with adults in
2001 and 2004, when lengths appeared to have a bi-
modal distribution (Fig. 3).

Habitat

A total of 218 beach segments appeared to include
potential spawning habitat based on sediment type
(Fig. 4). The west arm contained 70 segments, east
arm contained 51 segments, central bay contained 27

segments, the lower bay contained 42 segments and
the remainder were located outside of Glacier Bay
proper. Large stretches of potentially suitable beaches
for capelin spawning were identified outside the main
entrance of Glacier Bay, and smaller beach segments
were identified throughout the bay itself (Fig. 4).

We detected several differences among sub-areas in
oceanographic characteristics (Fig. 5). Glacial areas
were significantly cooler (F[3,82] = 24.75, P < 0.0001),
had higher dissolved oxygen concentrations (ANO-
VA: F[3,82] = 22.92, P < 0.0001), and had lower chl a
concentrations (ANOVA: F[3,82] = 22.01, P < 0.0001)
than distal areas. Turbidity also varied among sub-
areas (Welch’s ANOVA: F[3,35] = 5.20, P = 0.005).
Salinity differed among sub-areas (ANOVA:

Figure 4. Potential capelin spawning
habitat (black-shaded areas along the
shoreline) in Glacier Bay. The entire
shoreline was surveyed by Sharman et al.
(2005) unless indicated by black cross-
hatched lines. Arrows indicate beaches
where spawning capelin were collected
in beach seines during this study.

Figure 3. Length frequency by year for capelin sampled at offshore stations and expressed as a proportion of the catch for larval
capelin (fork length <60 mm) and adult capelin (fork length >60 mm).
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F[3,82] = 19.63, P < 0.0001), with the lowest values in
the east arm and the highest values in the lower bay.
However, average salinity in the central bay did not
differ from the west arm (Tukey–Kramer HSD,
P > 0.05). The lower bay had higher PAR values than
other sub-areas (ANOVA: F[3,82] = 4.52, P < 0.01).
The first four principal components (PC) explained
75% of the variation contained in the physical
parameters. Temperature, turbidity index, dissolved
oxygen, chl a concentration, distance to glacier and
halocline intensity were correlated with PC 1
(r ‡ |0.76|), while halocline depth was correlated
with PC 2 (r = )0.71) and thermocline depth was
correlated with PC 4 (r = 0.75). PC 3 was most cor-
related with distance to shore (r = )0.52) (Table 3).

Best-fit models included PC 1 and PC 2 as signifi-
cant explanatory variables for adult capelin CPUE
(F[2,83] = 19.98, R2 = 0.32, P < 0.0001) and spawning
capelin CPUE distributions (F[2,83] = 9.08, R2 = 0.18,
P < 0.01). PC 2 and PC 3 were included in the best-fit
model for larval CPUE distribution (F[2,83] = 4.80,
R2 = 0.10, P < 0.05), although PC 2 was marginally
significant (Table 4).

Regression coefficients for the original standardized
variables suggest that distance to potential spawning
habitat, water temperature, halocline depth and tur-
bidity were more important to spawning and adult
CPUE than other habitat characteristics (Table 5).
Spawning and adult CPUE was higher at lower tem-
peratures, while larval CPUE was higher in warmer
temperatures. Adult CPUE had a positive response to
halocline depth and turbidity index. Larvae had a
positive relationship to distance from glacier while
spawning and adult fish had a negative response.
Larval CPUE was most influenced by thermocline
intensity and salinity.

DISCUSSION

Across their circumpolar range, shifts in capelin dis-
tribution and abundance are related to the magnitude
and persistence of ocean temperature change (Rose,
2005). Capelin redistribute to areas where their pre-
ferred water temperature occurs in response to
changing environmental conditions (Frank et al.,
1996). Capelin abruptly disappeared from trawl
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surveys and seabird diets throughout the Gulf of
Alaska as water temperatures warmed markedly after
the regime shift of 1977 (Piatt and Anderson, 1996;
Anderson and Piatt,1999). However, evidence sug-
gests that in some locations, such as inshore areas of
Kodiak, Lower Cook Inlet and Glacier Bay, where

waters remained cold due to coastal upwelling or gla-
cial influence, capelin remained locally abundant
(Pahlke, 1985; Kreiger and Wing, 1986, Speckman
et al. 2005). Similarly, catches of capelin in National
Marine Fisheries Service Gulf of Alaska bottom trawl
surveys were mostly restricted to colder inshore bays
after the regime shift, and eventually expanded in
distribution as temperatures cooled again in the 1990s
(Mueter and Norcross, 2002). We believe that inshore
areas, such as glacial fjords or other areas where the
bathymetry promotes upwelling, may act as cold water
refugia for capelin during periods of ocean warming.

Spawning of capelin in Alaska occurs over an
extended period, probably in response to regional
differences in oceanography and timing of the spring
bloom. Length frequency of larval capelin in trawl
catches gives evidence for the early onset of spawning
in Glacier Bay (Fig. 3). Doyle et al. (2002) found that
spawning occurs between late May and October in
Alaska. However, earlier spawning events in south-
eastern Alaska have been documented from Lutak
Inlet and Portage Cove near Haines in April 1993 and
2001, respectively (Chilcat Valley News Archive
website, 20 April 2005: http://www.chilkatvalley-
news.com/archive/2001-14-5.html).

In Glacier Bay, spawning capelin tended to
aggregate in glacial waters that were characterized by
close proximity to potentially suitable spawning

Table 4. Parameter estimates for multiple regression of
dependent variables (log catch per unit effort of spawning,
adult or larval capelin) to principal components (PC).

Dependent
variable

R2

(model) PC1 PC2 PC3 PC4

Spawn 0.18** )0.0536** )0.0675*
Adult 0.32*** )0.1590*** )0.2108**
Larvae 0.10* 0.1692NS 0.2522*

Asterisks indicate significance at P < 0.0001 (***), P < 0.01
(**) and P < 0.05 (*). NS indicates 0.05 < P < 0.10 and
blank cells indicate independent variables that were not
included in the best fit model.

Table 5. Parameter estimates for the response of spawning,
adult and larval catch per unit effort to standardized physical
variables.

Physical variable Spawn Adult Larvae

Temperature )0.0302 )0.0912 0.1123
Turbidity index 0.0301 0.0912 )0.0357
Dissolved oxygen 0.0270 0.0812 )0.0706
Chlorophyll a

concentration
)0.0166 )0.0491 0.0578

Salinity )0.0023 )0.0048 )0.1394
Photosynthetically
active radiation

)0.0226 )0.0690 )0.0450

Distance to glacier )0.0227 )0.0679 0.0693
Distance to shore )0.0284 )0.0873 )0.0630
Distance to potential
spawning habitat

)0.0345 )0.1058 0.0203

Thermocline depth 0.0179 0.0565 )0.0305
Thermocline intensity )0.0189 )0.0609 0.1646
Halocline depth 0.0297 0.0938 )0.0317
Halocline intensity )0.0032 )0.0127 0.1017

Coefficients are calculated by multiplying the matrix of
eigenvalues for each physical variable by the parameter
estimates for significant principal components in Table 4.

Table 3. Correlation between physical parameters and
principal component (PC) axes 1 through 4.

Parameter (units)
PC 1
(41%)

PC 2
(14%)

PC 3
(11%)

PC 4
(9%)

Temperature (�C) 0.85 0.20 0.40 )0.07
Turbidity index )0.78 )0.24 )0.03 )0.19
Dissolved oxygen
(mg L)1)

)0.90 )0.12 )0.26 0.18

Chlorophyll a
concentration
(mg m)3)

0.78 )0.03 0.29 )0.10

Salinity (PSU) 0.63 )0.24 )0.51 )0.31
Photosynthetically
active radiation
(microEinsteins m)3)

0.43 0.25 )0.36 0.08

Distance to glacier
(km)

0.80 0.08 0.28 )0.14

Distance to shore
(km)

0.40 0.38 )0.52 0.29

Distance to potential
spawning habitat
(km)

0.53 0.44 )0.16 0.50

Thermocline depth
(m)

0.17 )0.43 0.11 0.75

Thermocline intensity
(�C)

)0.46 0.59 0.42 0.08

Halocline depth (m) 0.27 )0.71 0.27 0.30
Halocline intensity
(PSU)

)0.76 0.41 0.23 0.17

Percentages in parentheses represent the amount of vari-
ability explained by each PC axis.
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beaches, cool temperatures, lower salinity and high
turbidity. In Glacier Bay, spawning capelin were
collected in waters ranging from 4.8 to 8.1�C, well
within the usual range from 2 to 10�C (Rose, 2005).
Pelagic fish tend to spawn in areas where survival for
emergent larvae will be high (Cushing, 1990).
Upwelling as a result of glacial runoff at tidewater
glaciers has been offered as a mechanism for the
observed high productivity in glacial areas (Greis-
man, 1979). Additionally, higher concentrations of
nutrients such as nitrates are found in glacial systems
which may also enhance productivity (Apollonio,
1973). Thus, glacial areas like Glacier Bay may offer
optimum conditions for survival of early larval cap-
elin. Localized bathymetric differences among regions
in Glacier Bay may also explain patterns of non-
spawning and spawning capelin distribution.
Numerous shallow sills and constrictions backed by
deep basins cause local mixing and upwelling and
higher tidal velocities (Etherington et al., 2007),
especially in the lower bay and the entrance to the
east arm (Fig. 1). We observed high abundances of
adults over both of these shallow regions (Fig. 2b).
Tidal enhancement of deep-water renewal over the
sill at the entrance to the east arm (Matthews and
Quinlan, 1975), and glacial stream input from a
tributary to the northeast of the sill likely contribute
to the productivity over this area.

Physical differences between the glaciated upper
arms of Glacier Bay may explain the higher abundance
of mature and adult fish observed in the east arm
compared with the west arm. Lower salinity and higher
turbidity in the east arm may be due to the east arm’s
constricted passage where glacial stream runoff has less
marine surface area in which to diffuse. A high tol-
erance to salinity fluctuations is expected for intertidal
spawning fish (Stergiou, 1989) and highly turbid
waters may be advantageous for planktivorous fish
because it allows them to avoid predators while
maintaining the ability to capture zooplankton (De
Robertis et al., 2003). Higher abundance and earlier
maturation of capelin in the east arm compared to
other regions of the bay were coincident with the
initiation of the spring bloom near the head of the east
arm. In early spring of 2001 and 2004, elevated levels
of chl a were detected near the head of the east arm,
while chl a levels in other areas of the bay were still
relatively low (USGS unpublished data).

Spawning capelin aggregate in cold water refugia
within Alaskan inshore bays and fjords. These areas
have provided hotspots for feeding whales, seabirds
and other marine predators. If ocean climate in the
Gulf of Alaska returns to a cold regime, we predict

that cold water refugia will seed the expansion of
capelin back into the Gulf of Alaska.
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